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Abstract

The leading candidate forimpurity seedingin ITER is currently nitrogen. To date, there are only a few
studies on the plasma chemistry driven by N,/H, seeding and its effect on the molecular-activated
recombination of incoming atomic hydrogen ions in a detached-like scenario. Numerical simulations
are needed to provide insights into such mechanisms. The numerous amount of plasma chemical
reactions that may occur in such an environment cannotbe entirelyincludedina?2 or 3 -dimensional
code such as Eirene. A complete global plasma model, implemented with more than 100 plasma
chemical equations and 20species, has been set up on the basis of Plasimo code. This study shows two
main nitrogen-included recombination reaction paths resulted to be dominant,i.e. the ion conversion
of NH followed by dissociative recombination and a proton transfer between H,*and N,, producing
N,H*. These two processes are referred to as N-MAR (nitrogen-molecular activated recombination)
and have subsequently been implemented into Eunomia, a spatially-resolved Monte Carlo code,
designedto simulate the neutralsinventory in linear plasmamachines such as Pilot-PSland Magnum-
PSI. To study the effect of N, on the overallrecombination, three cases of study have beenset up: from
a defined puffing location with a constant total seeding rate of H, + N,, three N, ratios have been
simulated, i.e. 0, 5 and 10%. The parameter monitored is the density of atomic hydrogen, being the
final hydrogenic product of any recombination mechanisminthe scenario considered. The difference
in H density between the 0% case and the 10% case is about a factor 3. The importance of NH as
electron donor is highlighted and N-MARs confirmed as reaction routes enhancing the conversion of
ions to neutrals, makingthe heatloadstothe divertor plate more tolerable. This workis afurther step
towards the full understanding of the role of N,-H, molecules in a detached divertor plasma.

1. Introduction

Understanding and controlling plasma-surface interactionin the divertor region is one of the most
important challenges towards realizing fusion power. Experiments have shown [1][2] that impurity
seeding facilitates the achievement of a so-called detached plasma regime. Nitrogen is currently the
leading candidate for impurity seeding in ITER [3]. The divertor detached operational regime is
characterized by a plasma pressure drop along magnetic field lines towards the target in the Scrape
Off Layer (SOL) and a strong reduction of the plasmaion flux onto the target resulting in low power
loads [4]. Such pressure drop is due to ion-neutral interactions which give rise to plasma momentum
transfertothe walls through the neutral channel,ion removal by means of recombination mechanisms
and plasma cooling due to radiation [5].



Molecular-Activated Recombination (referred to as MAR) and electron-ion recombination (EIR) are
very efficient processes in Low T (< 1.5 eV) [6] and involve molecular hydrogen in vibrational exdted
states[7]. The rate coefficients for these processes are highlighted in figure 1. The first experimental
investigations of MAR have been carried out in linear machines Nagdis-Il [8] and ULS[9].

The aim of this work is to investigate
fonisalion ange the plasma chemistry induced by
Electron-ion recombination nitrogen in a detached-like
hydrogen plasma, pointing out the
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Figure 1. Rate coefficients of the most relevant hydrogenic processes in To study this complex scenario, an
divertor plasmas as a function of Te. Straight and dotted lines correspond to €Xte nsive global plasma model of
ne = 10°! and 10" m? respectively. H,+N, chemistry hasbeensetupon
the basis of Plasimo code[10]. The general features of the global model are presented in section 2.1,
while the plasma chemistry is described in sections 2.1.2 and 2.1.3. The model is created with the
purpose of identifying the dominant plasma-chemical processes occurring in the plasmaclose to the
targetwhen N, isadded into the system. In orderto prove thereliability of the reducedset of chemical
equations, areduced global model has beenimplemented and the outputs are compared with the full
version for three different plasma scenarios. The results are in good agreement in all cases and are
shown in section 2.2.6. The reduced set of chemical equations relevant for Magnum-PSl i.e. high-
density low-temperature plasma has been subsequently implemented in Eunomia [11], a spatially
resolved Monte-Carlo code forthe transport of neutrals originally developed for the Magnum-PSI[12]
predecessor Pilot-PSI[13]. To study the influence of N, and related species on the recombination
mechanisms, the density of atomic hydrogen has been traced for three different seeding cases.
Conversion of ionsto neutrals has been provedto be enhanced by the presence of nitrogen by up to
30 %. The output are shown is section 3.3. Finally, a summary of this work, together with the
conclusions, are given in section 4.
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Global modelling with Plasimo code

In Global Models spatial averages of the physical parameters are calculated from plasma ignition to
the fulfilment of the steady state[14]. The outcomes of the zero-dimensional simulation is collected by
solving a system of coupled differential equations i.e. the energy balance, the quasi - neutrality
condition and the particle balance, whose solution describes the evolution of ionicand neutral spedies
as a function of time. The electron energy balance is solved simultaneously. The poweris assumed to
be uniformly distributed and the plasmais spatially homogeneous throughout the wholevolume. The
input parameters to be defined are input power and density of precursor gases (H, and N,), while n,
and T, are given as output of the simulation.

The source terms are formulated from the reaction rates, thus every reaction can be initiated by any
of the speciesincludedinthe model. This type of code is computationally less expensive than spatially



resolved hybrid models, hence we are able to include a detailed and exstensive chemistry, without
causing any significant increasing of the computational effort [15].

In the model, the electron energy distribution function (EEDF) is assumed to be maxwellian.
Despite the limitations imposed by a zero-dimensional simulation, where no transport effects are
considered, important outputs can be obtained providing detailed insights into the dominant atomic
and molecular-induced processes governing the volume collisionsin a detached-like plasma system.

1.1 Governing equations

The time-dependent evaluation of number densities of the chemical species is calculated as follows:

dn;
T -k | [n=s
r

where vip and vid are the stoichiometric coefficients of the reactants (d) and the products (p) of the
reaction, k,(t)is the rate coefficient and n; is the density of species i.
The electron energy balance is defined as:

d (%ne eTe)
— = Pinput(6) — Qinetas — Qetas

where n, and T, are the electron density [m=] and temperature [eV] respectively, e the elementary
charge, Pinpye the input power density, Qineiasand Qerqs the energy losses from inelastic and elastic
collisions between electrons and heavy particles.

In inelastic electron-induced collisions with heavy particles, the energy difference between left and
right hand side of the reactionis due to energyloss by the electron. Hence, the total inelasticsource
term is written as:

Qinelas = z Eenynekyreqc = ER
T

With E, the electron energytransfer (one perreaction)and R the triple product of rate times reactants
densities.
In this model quasi-neutrality is assumed, thus plasma is neutrally charged. The electron density is
therefore calculated from:
n, = Z n;q;
e
-

Where n;is the density of the ionic species i, q; its charge and e the elementary charge.

The totality of the powersupplied to the gas is assumed to be consumed by the plasma, thus lostand
supplied power must balance. The input power density is then used to create ion - electron pairs by
means of inelastic electron - induced processes.

2.1.2 Chemical model

The chemical species simulated in this study are reported in Table 1. The energy of electrons in our
case of study is generally not high enough to cause direct dissociation of N, (E,=9.79 eV). It has been
recently reported [16] that the A3Y excited molecule can act as intermediate compound for the
dissociation of N, in low T plasma predominantly via the reaction N,"(A3Y)) + H > NH + N and to a
minorextent (=~ 30%) viaN, (A3Y) +e = N + N. These processes, together with ionization of N, from
the A33 state, have been included. Diazenilium ions N,H*and ammonium NH,*are included in the



simulations. An extensive set including all the NH, and NH,* has been implemented in the code.
Althoughitis now well-established that the hydrogenation of N to produce ammonia occurs mainly on
the surface [21], these species have been added due to the role they playin the volume phase such as
ion conversion, proton transfer and recombination processes. It’s worth stressing that the aim is to
obtainareduced setof chemical equations and that global modelling allows us to study a large number
of different processes among several species. Molecular hydrogen in vibrational excited state (v =4)
has been addedinthe model, giventhe importantrole it playsintheion conversion with H*, whichiis
the mainion species in our plasma.

A recent work carried out by Body et al. [17] and published in this journal provides a detailed
description of plasma-chemical processes leading to the production of ammonia. Particular efforts are
thereby spent in the modelling of plasma-wall heterogeneous reactions, given the importance they
have in the synthesis of NH;. In the present work, the selection of processes has been done focusing
on volume processesrelevantin detached-like hydrogen plasmain the presence of nitrogen, in order
to evaluate the role of N and N,-H, species in recombination mechanisms. The list of the plasma-
chemical reactions adopted in this study is presented in Table 2 in section 2.1.3.

H, species N, species H,-N, species

H,Hy H,Hy ,Hyvu_y, Hi | N,,N,N; (A35),N; ,N* | NH,NH,, NHy, NH; ,NH; ,NH*,N,H*,NH;}

Table 1. the chemical species included.

2.1.3 Plasma chemical reactions

The chemical equationsincorporatedin the model coverawide range of process types,i.e. ionization,
dissociation, dissociative ionization, dissociative recombination, ion-neutral, neutral-neutral and
elastic collisions. The set of the chemical equations adopted in this work is listedin table 2. The rate
coefficientforionizationand elastic collisions with electrons is gained by averaging the product of cross
section and velocity over the EEDF. The relation can be written explicitily[15]:

k= | " 01 (B) v(E) f(E) dE
Etn

With E;j, the threshold energy of the collision, E the electron energy, f(E) the electron energy
distributionfunction, v(E’) theelectron velocity and o; the cross section of collision i. Data concerning
the remaining classes of reactions have been taken from the most comprehensive databases available
in the literature such as UMIST, LxCat, NIST, Anichich’s review and are referenced in table 2. These
rates are expressed in the generalized Arrhenius form[18]:

n
Where A is declared in cm®s™ and E, the activation energy of the reaction, together with T, in eV.
The temperature of neutralsin the simulations (T,) has been set at 0.2 eV. Such value has been
estimated by numerical simulationsin [19] ) to be inthe temperature range of moleculesin the Pilot-
PSI hydrogen plasma beam, which is characterized by very similar plasma parameters to Magnum-
PSl’s, in terms of electron density and temperature.

N#. Reaction Rate coefficient (cm3s1) Reference
1 H+e 22HT+ 2e” from cross section [20]
2 Hy, + e~ 2H; + 2e” from cross section [20]
3 N+e 2>NT + 2e” from cross section [21]
4 N, + e~ D Nj + 2e” from cross section [21]
5 N, + e~ 2 N;(A’2) + e~ from cross section [22]
6 N;(A32) + e~ 2 NS + 2e” from cross section [23]




7 N, +e” 2N' + N + 2e” 29 x 1077 x T27? x exp(—29.71/T,) [24]
8 Hy, + e 2H' + H + 2e_ 9.4 x 10" O x TO™ x exp (—29.94/T,) [25]
9 Hy, + e 2Huv, , +e” 6.7 x 10710 x 7182 x oxp(—1.89/T,) [26]
10 NH + e~ 2NH" + 2e” 21 x 1078 x 7237 x exp(—15.49/T,) [27]
11 NH + e >NT + H + 2e 7.6 X102 x TO?7 X exp(—16.82/T,) [27]
12 NH, + e~ DNHS + 2e” 1.3 x 1078 x T2° x exp(—12.4/T,) [27]
13 NH, + e 2NHY + H + 2e” 22 x 1078 x 0% x exp(—17.97/T,) [27]
14 NH, + e~ 2NH; + 2e” 15X 107X T* X exp (—13.61/T,) [27]
15 NH; + e~ 2NHS + H + 2e” 1.6 x 1078+ T93* x exp(=1541/T,) [27]
16 NH; + e- 2NHY + H + H + 2e” 54 x 10710x 7937 x exp (—26.06/T,) [27]
17 NH; + e >N' + H + H, + 2e 88 x 10 Tx T)°7 x exp(—29/T,) [28]
18 NH, + e~ 2H" + NH, + 2e” 13X 10~ x T.2*7 X exp (—28.55/T,) [28]
19 Hf +e >H+H 1.6 x10~°x (7,/0.026)~ % [29]
20 Hf + e 2H, + H 234 x10"°x (T,/0.026) "2 [30]
21 Hf + e 2H+ H+ H 436 x 1078 x (T,/0.026)7%>2 [30]
22 Nf +e 2N+ N 1.7 x 1077 x (T, /0.026) > [31]
23 NHY +e” 2N+ H 43 x107° x (T,/0.026) "> [29]
24 NH + e~ >NH + H 1.02x 10~ 7 x (T,/0.026) 02 [32]
25 NHf + e DN+ H, 1.98 x 10_° x (7,/0.026)°* [32]
26 NH + e~ 2NH + 2H 1.55x 1077 x (7, /0.026)7°° [29]
27 NHF + e 2NH, + H 155 x 1077 x (T,/0.026)~ " [29]
28 NH} + e~ 2NH; + H 849 x 1077 x (7,/0.026)~%° [32]
29 NH' + e~ D NH, + 2H 3.77 x 107 x (T,/0.026)~%° (32]
30 N,H™ + e~ 2N, + H 513 x 10" °x (T,/0.026) "% (33]
31 N,H* + e~ 2NH + N 2.09 x 10~ 8 x (T, /0.026) %72 [34]
32 N, +e DN+ N + e 2.4 x107° X T)*" x exp(—15.53/T,) (24]
33 H,+e 2H+H +e 84 X 10 ° X T, " x exp(—11.18/T,) [25]
34 NH +e” 2N+ H + e~ 4.7 x 10" 8 x T %%2 x exp (—7.69/T,) [35]
35 NH, + e 2NH+ H + e~ 4.5x 1078 x T, %2 x exp (—7.61/T,) [35]
36 NH, +e- >N+ H, + e 1.5 X 10 8 x T8 x exp(—11.44/T,) [35]
37 NH, + e" 2NH + H + H+ e~ 1.3 X 1078 x 7938 x exp(—11.06/T,) [36]
38 NH; + e~ 2NH, + H + e~ 42x1078x T, %19 x exp(—7.59/T,) [36]
39 NH, + e~ 2NH + H, + e 41x 107 8x T, "2 x exp (—4.81/T,) [36]
40 H, + NH >NH, + H 596 x 10™ " x exp (=0.67/T)) (37]
41 NHy + H DNH, + H, 84 x 107" x (T,/0.026)"" x exp(—0.41/T,) [38]
42 NH + NH, 2 NH; + N 1.66 x 10~ (38]
43 N + NH, 2N, + H, 1.2 x107° (39]
44 NH, + H, 2 NH; + H 54 x 10~ x exp(=056/T)) [40]
45 NH + NH > NH, + N 17 x 1072 x (7, /0.026)"° [41]
46 NH + NH 2N, + H+ H 8.5 x 10711 [18]
47 NH, + H > NH + H, 6.6 x 10~ " x exp (—0.1586/T,) [42]
48 NH + NH 2N, + H, 5x 107" x (T, /0.026) [42]
49 H, + N>NH + H 465x 10 "X exp (—143/T) [37]
50 N + NH 2N, + H 5x10°1 (39]
51 NH + H >N + H, 54x 10" x exp(—0.0142/T,) [42]
52 N* + H, 2NH* + H 5x10°1° [43]
53 N* + NH, 2NH; + N 1x107° [44]
54 NT+H>H + N 2x107"7 (45]
55 N*+ N, 2N + N, 2x10" 1 [43]
56 N* + NH >NHT + N 3.7 % 10-10x (7;}/0,026)‘0'5 [44]
57 N* + NH; 2 N,H' + H, 21x10°10 [43]
58 N* + NH 2N; + H 3.7x 10710 (T, /0.026) [44]
59 N* + NH, 2NH] + N 1.7x107° [43]
60 N* + NH; 2 NH + NH 4.7 x1071° [43]
61 H™ + NH; 2 NH; + H 37 % 107 x (T,/0.026) [46]
62 H '+ NH 2NHT + H 21% 102 x (7;/0_026)‘”'5 [44]
63 H¥ + NH, 2NHS + H 29 % 1079 x (7;/0_026)‘0'5 [44]
64 H' + Hyp,_,2H + H} 25x107° [47]




65 Hf + NH; 2 H, + NH; 5.7x107° [43]
66 Hy + N, >N,HT + H 2x10°7 [43]
67 HY + N 2NH' + H 19x107° [44]
68 Hf + N2>N* + H, 5x107 %0 [44]
69 H2+ + NH >NHT + HZ 7.6 %X 10—10X (7‘19/0026)_Ub [43]
70 Hy + NH, > NH] + H, 7.6x 10710 x (T, /0.026) [44]
71 Hy + NH D NHF + H 2.1 x 107 (T,/0.026) [44]
72 Hy + NH, 2 NH + H 5x1071 [45]
73 H; + NH; 2 NH; + H 5x 1011 [45]
74 Hf + H, >H + H 2x107° [15]
75 Hi + N > NH' + H, 26 x10° 10 [15]
76 H + N >NH; + H 39x10° 1 [15]
77 Hi + NHy > NH + H, 44 x 107 x (7,/0.026) [15]
78 Hi + NH, > NH3 + H, 18x 107°x (T,/0.026) [44]
79 Hi" + NH S NH; + H, 13x 107 (T,/0.026) [44]
80 Hf + N, 2N, HT + H, 19x10~° [15]
81 N;(A32) + H 2NH + N 2.8 x 10710 [16]
82 NH* + H, 2NHS + H 1x107° [16]
83 NHY + N2>N;, + H 13x107° [44]
84 NH* + N, 2N,H  + N 6.5 x 10710 [43]
85 NH* + NH 2NH; + N 1x107° [44]
86 NHY + NH, 2 NH; + N 15x107° [44]
87 NH* + NH, 2 NH; + NH 18x107° [45]
88 NH* + NH; 2 NH + NH5 18x10°° [45]
89 NHY + NH; 2 NH, + N 6x 1010 [43]
90 NHY + N 2NH" + N 9.1 x 10711 [44]
91 NH, + NH 2NH] + N 73 x 10710 [44]
92 NH; + NH; 2 NH; + NH 12x107° [43]
93 NH; + NHy; 2 NH, + NH; 12x107° [43]
94 NH} + H, 2NH + H 2x10710 [43]
95 NHy + NH, 2 NH; + NH, 21x107° [43]
96 NH; + NH 2NH; + N 71x10-10x (7;}/0.026)_0'5 [44]
97 NHy + H, 2NH + H 44 x1078 [43]
98 N,H'Y + NH; 2 NH, + N, 23x107° [43]
99 N + H, 2NH; + H 2x107° [43]
100 N, + NH; 2N, + NH; 2x107° [43]
101 N+ N2>N, + N* 1x107 11 [43]
102 Hy, +e” 2H, +e” from cross section [48]
103 H+e 2H4+ e from cross section [20]
104 N, +e” 2N, + e~ from cross section [24]
105 N +e 2N+ e~ from cross section [21]
106 NH; + e~ 2NH; + e~ from cross section [23]

Hydrogen plasmas with nitrogen content have been widely studied in the last few decades [49],[50],
[51]. The aim of such studies mostly concerned the role of plasma in lowering the activation energy
needed for the catalytic synthesis of ammonia. The parameters of those plasmas were substantially
different from the scenario considered in this paper, i.e. far from the high-density low-temperature
plasmas produced in linear machines and divertors. The purpose of this study is to characterize the
plasmachemistry relevant for N,-seeded divertor hydrogen plasma. In particular, we are interested in
investigating the recombination mechanisms of H* introduced by the presence of nitrogenin the
volume phase. Before the implementation in the Eunomia code, the dominant processes have been
highlighted by means of a global model and the results are presented hereafter. A verification of the

Table 2. Reactions included in the global model.

2.2 Global model results

extracted processes will follow and will be presented in section 2.2.5.




2.2.1 Plasimo results: new reaction paths in the presence of nitrogen

Global modelling can provide deep insights into the plasma chemistry occurring in a rather complex
environment. Considering the shape of n.and T, ina semi-detached plasmabeam inlinear machines,
two different cases of study have been considered. Forboth cases, a 5% N, content has been studied.
In figure 2 a typical semi-detached Magnum-PSI T, and n, profiles are shown.
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Figure 2. Electron temperature and density profiles of a ‘semi-detached” Magnum-PSI plasma beam diagnosed by means of
Thomson Scattering at 3 cm from the target. The two different cases of study are highlighted in blue (peak) and red (edges).
The background pressure in the target chamber is set at 2Pa.

TS profiles are peakedin the centre and decrease towards the edge of the beam, with values from =
1.5 eVto=0.35 eV for T, and from = 2*¥10°°m to 2.5*10'°m3 for n.. Clearly, such differencesimply
different plasma chemical processes to be dominant on a local scale.

2.2.2 Centre of the plasma beam

For the simulation of the centre of the plasma beam, the parameters calculated by the code are T.=
1.2 eV and n, = 2.65%10°°m3. The most relevant processes highlighted in this section are reported in
Figure 3. The initial densities are 1*10?* m for molecular hydrogen and 5*10*° m= for N,. The input
power density adopted to achieve parameters relevant for this study was set at 2500 J/m3. The
simulation time is set at 1.3 ms.

H, (v) - H+H
T
H] e e
NH*
NH L+e—‘ N+H

Figure 3. H* sink routes calculated by the code in the centre of the beam. The first branch,
concerning Hz in vibrational excited state, corresponds to the well-established molecular
activated recombination. The second one involves NH as electron donor in the ion conversion
with H* and is followed by electron-ion recombination of NH*. This reactions path can be referred
to as N-MAR.



The principal sinks reactions for H* is ion conversion with molecular hydrogen in vibrational exdted
state and with NH (reactions 62 and 64) , leading H,* and NH* respectively. The first branch is the well-
established hydrogenic MAR first step, while the second involves nitrogen monohydride and will be
referred to as N-MAR. The main loss route of H* is indicated by the code to be reaction 62 with a
relative contribution of = 70%. In this model one vibrational excited state of H, i.e. v=4, is taken into
account. NH molecule is produced via electron-impact direct dissociation of NH, species, dissociative
recombination of NH,*ions and by neutral-neutral atomic transfer (reactions 49 and 81).

About 85% of H," is lost by dissociative recombination (reaction 19) and, to a minor extent by reacting
with N-species, namely = 10% is consumed by proton transfer with N, (reaction 66) and = 5% by ion
conversion withammonia (reaction 65) gaining N,H*and NH;* respectively. As can be seenin figure 4,
the dominant NH*sink pathis by dissociative recombination (=90%), gaining one atom of nitrogen and
one of hydrogen (reaction 21) and for less than 10% by atom transfer with N, producing N,* and H
(reaction 83).

Dissociative
recombination

= —IN+H|90%

NH*

Atom
transfer
e

Figure 4. relative contribution of NH* sinks in the beam centre.

v

N2++ H|10%

No significant amount of ammonia or its derivate ion NH,* is produced in the volume phase. The
precursors of those species are rapidly consumed by dissociation and recombination processes. In a
real divertor NH; is produced by means of Eley-Rideal and Langmuir-Hinshelwood processes, both
involvinga (cold) metal wall[52]. The moleculeis then released in the volume phase. Althoughthis can
occur in a detached-like plasmascenarioin alineardevice, no wall processes have beenimplemented
inthissimulation, given the purpose of studying the mostimportant volume-phase plasma chemistry.
Assuming an influx of NH; from the target and/or from the reactor walls towards the plasma beam,
ammonia undergoesion conversion with H* (reaction 61) with a contribution of 42%, dissociation by
electronimpact for25% (indicated as the sum of relative contributions of reactions 38and 39) and via
H atom transfer(reaction 41) for the remaining 33%. The product of reaction 61 i.e. NH;" is calculated
to be entirely consumed by dissociative recombinationi.e. reaction 26and 27, producingH,+ NH and
NH, + H, respectively.

2.2.3 Divertor-relevant H,/N, plasma chemistry for different plasma parameters

To investigate the relevant plasma chemistry occurring among a wider range of plasma scenarios, a
parameterscan has been carried outi.e.electron densities from6.8*%10” m=to 1.2*¥10'® m= have been
studied. The electron temperature for these simulations has been kept at~ 2.5 eV, which is doubled
compared to the Magnum-PSI detached-plasma relevant scenario discussed in section 2.2.2. In this
sub-section, attention is paid to the density evolution of molecularions, being the charged species
populating this type of low-density plasmas [53]. Results are show in figure 5 and figure 6.
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Figures 5 and 6. Density evolution of molecular ions in a Hz/N2 plasma as a function of increasing electron density.
At high-density low-temperature plasma, NH,* species (with 0<x<5) are predominantly produced via

ion conversion with H*and are efficiently depleted by means of dissociative recombination processes,
as follows:

1)H*+ NH, > NH}f +H lon conversion
2)NHt+ e~ 2 NH,_+ H Dissociative recombination

At the densities evaluated in figure 5 and 6, other processes become dominant. These are govemed
by the presence of protonated molecules. In figure 6 one can observe that at n, = 1.2*¥10'° m3, the
densities of NH, species follow inversely the amount of H atoms bound to N. In such scenario,
dissociative recombination is still important, and tends to de-populate first the highly hydrogenated
molecularions. When moving towards lower electron densitiesi.e.~ 3*10'® m3, a population inversion

occurs, leadingto an overturn where NH,"is the most presention. Thisis due to the following atomic
transfer reaction paths:

3)NH* + H, ?NHS + H Reaction 82
4)NHS + H, 2NH; + H Reaction 94
S5)NH; + H, ?NH, + H Reaction97

Moreover, NH,*is gained viaa so-called proton transfer chain, which isinitiated by H;* and molecular
nitrogen. This path is characterised by the following reactions:

6) Hy + N, 2 N,H* + H, Reaction 80
7)N,H* + NH; 2 NH;” + N, Reaction98

This mechanism starts to occur at n. < 4*10'® m=3 (figure 6), when the density of H;*and N,H*decrease
steeply and NH,* increases. At density ~ 8¥10'” m=, N,H* and NH,* are almost equally populated. Itis
worth to underline here thatreaction 80is also a source for H, whichis a reactant participatingin the
above-mentioned atom transfer chain.

The effect of electron temperature on H,/N, plasma chemistry with densities in the order of~ 10'®* m?3
has been extensively studiedin the last years [54], [55] given the importance it has in the field of
plasma processing. For what concerns divertor-relevant electron densities i.e. n.> 5¥10*° m3 with
electron temperatures above 3 eV, electron-induced mechanisms are expected to play a major role.
As can be seenin figure 7, with temperature above ~ 3 eV, the electron-impact ionization becomes
dominant compared to the ion conversion — dissociative recombination mechanisms described in

equations (1) and (2) in this paragraph. Therefore, the effect of enhanced recombination of H* given
by N-MAR, becomes less important.
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Figure 7. Reaction rates for NHx species occurring in divertor-relevant hydrogen plasma in the presence of nitrogen. Dotted
lines are electron-impact dissociation (DISS), dash-dotted are dissociative recombination (DR), straight lines are ion conversion
(IC) while dashed ones constitute direct ionization (ION).

2.2.4 The role of molecular ion Hs*

A parallel work has been carried out with the purpose of studying the presence of the protonated
molecular hydrogen Hs*in divertor-relevant plasmas. The same H,/N, global modeldescribed insection
2.2.2 has been used, given that the plasma chemistry conditioning Hs*is fully implemented.

The first successful studies on the production of such ion date back to the first half of the last
century[56]. H;* is gained by means of a proton transferreaction between molecular hydrogenand its
ion (reaction 74): HY + H, 2 Hi + H with a rate constant of k = 2*10° cm3s [43]. This process
competes with anothersink of H,*i.e. reaction 19: H2+ + e~ 2 H + H.Hs"isefficently consumedin
low temperature plasmas (T.<3-4 eV) by two dissociative recombination reactions, namely reactions
20 and 21. The rate coefficients of these process as afunction of T. are plottedin figure 8. The density
evolution of H;* over time is calculated by the code as:

almf] _ + + +
dt (k(74) * [HZ ] * [HZ])production - (k(ZO) * M * [H3 ])consumption - (k(21) *Ne * [H3 ])consumption

It is dependent on the electron density. In the model, T, has been kept fixed at = 1.5 eV while the
electron density has been changed by tuning the input power density providedinto the system. The
output of the simulations are reported in figure 9.
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reactions 20 and 21. densities i.e. > 102°m- the presence of Hs* is negligible.

Electron temperature was set at 1.5 eV.

The populationinversion occurs at n. = 7¥10'® m3, which is about two orders of magnitude lowerthan
the electron density characterizing the hydrogen plasmain new-generation linear machines as well as
the one expected in ITER divertori.e. 10?°-10?! m3[57]. Worth mentioning the typical “attached” H,
plasmain Magnum-PSl has T.<5 eV, while for detached-like scenarios T falls below 1.5 eV.

According to figure 8, for electron temperature between 1.5 and 5 eV, the production of H;* is
comparable with the destruction mechanisms. The limiting factor in divertor plasmas is the high
electron density, leading to a very efficient recombination of H;* and its precursor H,*. Moreover in
tokamaks, the electrontemperature intheSOLis around =100 eV inthe upstream region [58]. At such
temperatures, hydrogen is fully dissociated and ionized, making H* the only hydrogenic speciesflowing
towardsthe divertor plate. Thus, we can deducethat the role H;*is negligible in Magnum-PSl and ITER-
relevant divertor H, plasma. The same conclusion has been obtained in [7].

2.2.5 Periphery of the plasma beam

In the edge of the plasma beam T, is about 0.8 eV and n.is~ 5¥10°m=.The most relevant plasma
chemical mechanismsleadingto the recombination of hydrogenion and highlighted by the model for
such scenario are shown in figure 10.
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Figure 10. H* sink routes calculated by the code at the edges of the beam. The first step is the ion
conversion with a hydrogen molecule in vibrational excited state, gaining Hx*. This is followed by
dissociative recombination (reaction 19) and proton transfer with N, producing N;H*(reaction 66).
Such species is then consumed via reactions 30 and 31, producing NH and N .

Differently from the centre of the beam, where H* undergoes two separate ion conversions, the
principal sink route of H* in this case is almost entirely via ion conversion with H,[v], leading the
production of H,*. This product is consumed by both dissociative recombination and proton transfer
with N,, gaining two hydrogen atoms and N,H* respectively (reactions 19 and 66). The two sink
processes of H," in figure 10 have a relative contribution of 60% and 40% respectively. N,H"is then
consumed by dissociative recombination (reactions 30, 31) producing NH and N,. This additional
branch involving N, as proton acceptor will be referred to as another N-MAR process. Differently from
the conditions in the plasma centre, where the ion conversion is promptly followed by dissociative
recombination, in the milder plasma edge conditions, a further molecular-induced step occurs
indicating N,H" as ionic mediator.

H;* is found to be producedina negligible amountinthis case as well. Thisis different from what has
been previously observed in PISCES-A[59], where H;* was detected in significant amount by mass
spectrometry. Electron density in that study was between 10 and 10'® m=3[60]. The density
characterizing the edges of Magnum-PSI plasma and used in this study is above 10'° m3, leadingto an
enhanced recombination frequency of the precursor H,*and efficient consumption mechanisms of Hs".

2.2.6 Comparison between the full and the reduced global models

To ultimately verify the reaction scheme derived from the fully extended Plasimo global model, a
reducedversion has been produced. The chemical speciesimplemented in the new global model and
theirsteady-state densities are reported in table 3. All the most relevant hydrogenicspecies havebeen
added, together with the nitrogen-related ones that were identified to play a major role in the
considered plasma chemistry, as shown in the previous sections.

Ne H Ha Hav H* Ha* N2 N NH NH* NoH*
EXT | 2.65E20 | 1.74E21 | 1.52E16 | 8.96E14 | 2.65E20 | 5.87E14 | 1.39E19 | 7.25E19 | 4.06E15 | 1.29E15 | 2.15E13
RED | 2.61E20 | 1.73E21 | 1.62E16 | 8.2E14 2.61E20 | 6.32E14 | 1.03E19 | 8.18E19 | 1.3E15 4.11E15 | 2.11E13

Table 3. Electron density together with the species includedinthereduced model. The densities achieved in both
the full and reduced models (for the centre-of-the-beam case of study) are reported.

The initial densities have been kept the same in both cases of studyi.e. 1¥10?'m™ for H, and 5*10*°m"
3 for N,. To achieve T, and n. as close as possible, the chosen input power density is 2300 J/m?3. This
value is slightly lower than the one used in the full model simulation (2500 J/m?3) due to the lower
amount of particle densities populating the reduced model. Giventhe longer period needed to reach
the steady state in this run, the simulation timeis setat 5ms. The achievedT.is 1.2 eV in the full model
and 1.16 eVin the reduced one. The electron densities gained in the simulations are almostidentical
aswell. Thisisveryimportantinorderto dealwiththe same plasmaenvironment. The plasma chemical
reactions adopted forthe reduced modelare listed in table 4. The processes highlighted in figure 3and
figure 10, corresponding to the new N-MAR branches, have been included. Electron-induced
ionization, vibrational excitation, dissociation and elastic collisions are also taken into account. For
completeness, the most relevant neutral-neutral process has been implemented in the reduced
version as well, namely reaction 49. That is in fact the most important process in such environment
that relates two neutral key-species i.e. molecular hydrogen and atomic nitrogen. The scope of this
work is to maximally reduce the amount of species and plasma chemical reactions occurring in the
volume of adetached-like scenario. In such way, the underlined mechanisms can be implemented in a




more detailed spatially-resolved code. To compensate the absence of the main NHsources i.e. electron
- impactdissociation of NH, species and dissociative recombination of theirionicderivatives, an extra
source of NH has been added together with an identical sink of N and H (8%10°°m3s); in this way,
particle balance is conserved and the systemis closed. The total amount of NH particles added in the

simulation corresponds to = 7 % conversion of nitrogen to ammonia, which is in line with literature
studies [61], [62], [63].

Reaction Type
H+ e~ 2H" + 2e” lonization
H, + e 2 H + 2e” lonization
N, + e~ 2N+ N + e~ Dissociation

H, + e~ 2H,v + e~

Vibrational excitation

Hyv + HY 2H + H

lIon conversion

Hf + e 2H+H

Dissociative recombination

H, + N2>NH + H

Atom transfer

N, + H 2N,H* + N

Proton transfer

N2H+ + e” 9N2 + H

Dissociative recombination

N,H* + e~ 2NH + N

Dissociative recombination

NH + H* 2 NH* + H

Ion conversion

NH* 4+ e 2N+ H

Dissociative recombination

H+ e  2H + e~ Elastic
H, + e~ 2H, + e~ Elastic
N +e 2N+ e~ Elastic
N, + e 2N, + e~ Elastic

Table 4. List of the plasma chemical reactions implemented in the reduced model. The two N-MAR
mechanisms, together with the most important hydrogen reactions and electron-induced processes,
have been inserted in the model. Rate coefficients are the same as in the full version.

The achieved densitiesare shownin figure 11. The densities of the hydrogenicspecies are in very good
agreement. This confirms the importance of the reactions producing H, which are the ion conversion
of H* with H,(v=4) and with NH, and the dissociative recombination of H,* and NH*, gaining2 H and N
+ H respectively. H, is consumed predominantly via electron-impact vibrational excitation and atom
transfer with atomic nitrogen with a relative contribution of about 50% for each process.

H* in both cases is equal to the electron density. In these global models, quasi-neutrality is always
maintained. H* is the main ionic species in the system and is consumed via ion conversions. Worth
mentioning here that the so-called three-body recombination reaction i.e. HY+ e~ +
e~ 2H*(n = 6) + e, involving two electrons and H*, becomes efficient at temperatures below
0.7 eV with densities above 1*10**m3, hence not relevant for the scenarioconsideredhere. According
to the models, N, is depleted by means of electron-induced dissociation and proton transferwith H,?,
the latter beinghighlighted as second branch of the N-MAR processes. N main sources are via reaction
51 and reaction 23, which is the final step of the first N-MAR path (see figure 3).

The final densities of NH are in good agreement. The difference is due to the absence in the reduced
version of the electronically excited species N,(A3X*) and its efficient atomictransfer with H (reaction
81), which acts as a source for NH. Such discrepancy suggests the small importance of other NH sink
mechanisms i.e. electron-impact dissociation (reaction 34) and atom transfer with H (reaction 51).

In both extended and reduced models, the main source of NH* is the ion conversion between NHand
H*, as statedin section 2.2.2. The slight overestimation of thisionis due to eitherthe absence of the
following source collision (reaction 67) Hy + N 2 NH* 4+ H and the sink processes via proton
transfer i.e. reaction 83 and 84. Such reactions have not been included in the reduced model,



considering that constitute less than 10% to the overall relative contribution of sources and sinks of
NH*. Our aim is, in fact, to underline only the most important mechanisms leading to the conversion

of atomic hydrogen ions to neutrals, addressing the volume processes introduced by nitrogen-
containing species.

N,H* pointed outto be animportantion mediatorin section 2.2.5, is verifiedto be produced via proton
transfer (reaction 66) and consumed by reaction 30 and 31.

To assure the validity of the reduced modelamong a widerrange of plasma parameters, acomparison
betweenthe extended and the reduced model has been carried out for other two different scenarios
i.e.beam-edge conditions withT.= 0.8 eV and n. = 6*¥10*m= and a high-density higher-temperature
case with n. = 3.4%¥10?° m3 and T. = 1.8 eV. Results are shown in figure 11. The densities of the
underlined relevant species are again in very good agreement. We hereby prove the validity of the
reduced set of chemical equations for parameters 5*10'°<n.<3.5*10°m2 and 0.8<T.<2 eV. For
scenarios with n. < 10°m3, a different reduced set of reactions would be needed, namely the
processes reportedin section 2.2.3. In such plasma environment, molecularions become the majorion
species, being proton transfer the dominant ion-neutral inelastic mechanism. An implementation of

those processes in a spatially-resolved code is beyond the scope of this work, which focuses on
Magnum-PSI relevant plasma scenarios.

Il Extended model
I Reduced model

(a)

n, H H, HM H H' N, N NH NH NH

2 2

Species

| Eﬁfﬂf:f nT:c?eell " Il Extended model
(b) 10 1 Reduced model

(c)

10%

~ 10"

(m

>

it

10"

Density (m™®)
=]

Dens

10"

10"

10%
n, H o H H(v) H HS N, N NH NH NH n, H H HM H HS N, N NH NH NH

, 2
Species Species

Figure 11. Species density comparison between the extended and the reduced model. (a) Te = 1.2, ne = 2.6E20m=3. (b) T =
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The work carried out in this section served to validate the derived set of reactions and species from
the full model. The most effectiverelations, named N-MAR and stated in figure 3 and figure 10 have
been confirmed by this exercise to be the most relevant. The delicate balance between the different
species densities set by the chemical equations and validated here, has to be considered true only for
the scenario considered i.e. divertor-relevant high-density low-temperature hydrogen plasma in the
presence of nitrogen. These processes have been included in Eunomia and a description of the
implementation will be given hereafter.

2. Eunomia code

Eunomiaisaspatially resolved Monte-Carlo code createdto simulate neutral particlesin linear plasma
machines, originally suited to model the neutral inventory in Pilot-PSI and Magnum-PSI. The code is
conceptually similar to the well-established Monte Carlo code Eirene[64]. The code solves the
equilibrium density, flow velocity and temperature of the ground state species and is based on the
test-particle approximation method i.e. simulates test particles which represent many real neutral
particles. In Eunomia charged particles are not simulated and plasma equations are not solved. The
plasma background is given as an input and T. and n. have been taken from Thomson Scattering
measurementsin Magnum-PSI[65]. In the code, test particles neverinteract with each other; they
undergothrough test particle- background particle collisions as follows: a charged particle oraneutral
particle is drawn from the maxwellian velocity distribution from the background to be collided with
the test particle. Information about species densities and velocity distributions subsequent to each
collision event are stored by the code over the simulation grid for every cycle. That constitutes the
temporary neutral background, that will be substituted by the newly calculated one the nextcycle.In
Eunomia, such process is called scoring. In order to calculate sources and sinks for the neutral
background, many test-particlesare simulated. Each time a test particle visits a cell, the code stores its
residence time as estimator of relative density. To determine the actual particle density, the number
of real particles represented bya test-particle has to be given as input. The input determinesalso either
the number of test particles or the maximum time to be modelled. Once a source is simulated, the
number of test particles is known. The actual number of particles is then calculated by the code as:

Nrp = I}p‘[a

Where I3, is the influx of real particlesinto the system per secondand 7, is the averaged residence

time. Although no direct effects on the plasma can be modelled with Eunomiain the stand-alone
version, important insights on the behaviour of neutral atoms and molecules, such as their sources,
sinks, spatial distribution and transport, can be studied. Further specifications on the code, such as
calculation of velocity distributions and temperatures, can be found in [11].

2.1 Eunomia grid and geometry

Figures 12 and 13, taken from [11], show a schematicview of the linear plasma machine Pilot-PSland
the derived cylindrical symmetry adopted in Eunomia. In the code, the simulationis carried outina 3-
dimensional environmentand the resultsare providedin a2-D grid averaged over the rotation axis, as
can be seen in figure 13.

Figure 14 showsthe triangulargrid on whichthe cell averagingis done inorder to define the neutral
background. The rate coefficients of each process is calculated at the beginning of each cycle as a
function of the local T. and n..
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Figures 12, 13:. On the left: schematic view of linear machine Pilot-PSl; On the right: representation of the cylindrical

symmetry used in Eunomia. Atomic hydrogen is assumed to react at the wall and is eventually re-emitted in the

system in its molecular form.
As shown in figure 14, the cells have flexible areas and become larger moving away from the target.
For each wall the test-particles can be eitherreflected orabsorbed. For the axis of symmetry the test-
particle will always undergo specular reflection. The walls can act as a recombining front of atomic
hydrogen with the following mechanism:H,, + H,, = H,, ,,wherethe productisreleased fromthe
wall and enters the volume phase. N-related species have been treated differently i.e. the partides
impinging on a wall are thermalized and reflected with a cosine distribution. It is worth mentioning
that gas-surface heterogeneous phenomena leading to the production of ammonia are beyond the
aim of this study, which is entirely focused on volume processes.

Figure 14. On the left, grid used for simulations. On the right a zoomed view of the target location.

The orange segment corresponds to the plasma source, the blue line is the axis of symmetry of the
plasma beam and the red one is the target. Green lines are the walls of the vessel. The shaft of the
target, indicated alsoingreen, is treated by the code to act as a vessel wall. Forthe modelling of the
pump (magenta segment in figure 14), the simulation of test-particle is stopped once it reaches that
region. The grid depicted here and used in this work is a representation of the Pilot-PSI linear
device[66].



2.2 Implementation of the reduced model into Eunomia

The hydrogen-related collisions used in the code are listed in table 5. The cross sections for neutral-
neutral elastic collisions (reactions n. 1,2,3,9 and 10) are based on the Lennard-Jones potential [67]
and the BGK approximation methodis used[68]. The rates of such processes depend on the iteratively
updated background of the ground-state species. The rates for inelastic collisions between neutrals
and charged particles (reactions 5, 6, and 7) are imported from the AMJUEL[69] and HYDHEL[26]
databases, which are the same used by Eirene code. For electron-induced processes (reactions 4, 6
and 8), the rates are calculated as a function of the local per-cell T. and n. at the beginning of each
cycle.

N# Reaction Type

1 H+ H2>H+H Elastic

2 H+ H, 2H + H, Elastic

3 H, + Hy ?H, + H, Elastic

4 H+ e 2HT + 2e” lonization

5 H*4+ H-2>H + H* Charge exchange

6 H, + e~ 2H+ H + e” Dissociation

7 H, + H* 2H + H MAR
e+ Hf 2H + H,_,

8 H, + e 2H + H- MAR
H*+ H- 2H + H,_4

9 H+ Ht2>H+ Ht Elastic

10 H, + Ht 2H, + H* Elastic

Table 5. Hydrogenic reactions included in Eunomia.

The frequency of MAR processes (reactions 7 and 8) is governed by the first step i.e. ion conversion
and dissociative attachment, respectively. The reaction intermediates H,* and H are assumed to
instantaneously recombine. The electronically excited states of atomic hydrogen produced in those
processes are not simulated. The de-excitation probability of H*(n=2) gained in reaction 7is calculated
by the ratio between collisional excitationto n=3and spontaneous decay, while for H'(n=3) of reaction
8, it is assumed to eventually ionize[70].

The additional nitrogen-included plasma chemistry actualized in the code corresponds to the one
highlighted with global modelling and verified by the comparison with the full model, as described in
section 2.2.5. In this implementation, neutral - neutral elastic collisions have been added for
completenessandare listedintable 6. Such collisions can affectthe momentum of the test particles,
hence they are important whendealing with spatially-resolvedtransport codes. This is not the case for
zero-dimensional-model, such as the global model platform provided by Plasimo. Data regarding
potential energy curves and internuclear distances, needed for the BGK approximation, have been
taken from [71], [72] and references therein.

NH + H, 2 NH + H, | Elastic
NH + H2>NH + H Elastic
NH + N, 2NH + N, Elastic
NH + N 2NH + N Elastic
H, + H, ?H, + H, Elastic
H, + N, 2H, + N, Elastic
N, + N, 2N, + N, Elastic
H+N-2>H+ N Elastic
H+ H2>H+ H Elastic




N+ N->2N+N Elastic
N +N, 2N+ N, Elastic
H, + N 2H, + N Elastic
N, + H >N, + H Elastic
Table 6. Neutral-neutral elastic collisions implemented in Eunomia.

N-MAR mechanisms are treated in asimilar way as the hydrogenic MARsi.e. reactions 7and 8in table
5: the products are assumed to recombine instantaneously, and the rate-determining stepis the ion
conversion. An update in the code has been made to include the atom transfer reactioni.e. H, +
N 2 NH + H.Thismechanismhasbeentreatedinatwo-step process:firstly, this reactionactsasa
source forNH and Hi.e. these products are generated as new test particles basedon the rate constant
and the reactants background information. The velocities are drawn randomly from maxwellian
distributions. Secondly, the particle balance is conserved by adding compensating collision process
that terminatesthe reactant test particlesi.e. N and H,, which follow the usual collision mechanicsin
the simulation. This collision also uses the same rate constant as the source reaction.

2.3 Eunomia results

Eunomiaruns have been carriedout by using the parameters that characterize a typical semi-detached
hydrogen plasmain Magnum-PSl lineardevice i.e. T, peak = 1.5eV and n. = 2.5%10°°m™=. In the code,
both these parameters have afull-width half-maximum (FWHM) of 20 mm and are constantalongthe
beam. Inlinear plasma machines detachment scenarios are achieved by means of gas puffing, causing
an increased background neutral pressure. Neutrals play a major role in cooling down the plasma by
means of electron - neutral and ion - neutral collisions, and by increasing the molecular-assisted
recombination frequency[73]. Gas seeding has been modelled and the injection location has been set
at the target. The key featureintroduced by nitrogen seeding investigated in this paperis the enhanced
frequency of the recombination mechanisms compared to a case where only H, is puffed into the
system. The mostrelevant N-speciesacting as electron donor highlighted in thisworkis NH. Precursor
of such species is mostly ammonia. NH; is almost entirely produced by means of surface processes.
Although modelling of those wall-induced mechanisms is beyond the scope of this paper, which is
strictly focused on volume processes, NH; also acts as a source for NH through reactions 37 and 39
with ks;=1.5¥10° cm3stand ks =9.5%102cm3s™2. lon conversion of ammonia (reaction 61) leading to
NHs* isvery efficientin this plasmaenvironment, with kg, = 1.33*10° cm3s for a gas temperature of
0.2 eV. Such temperature has been highlighted by previous studies [11] to be the temperature of
neutrals in the plasma beam of Pilot-PSlI and Magnum-PSI linear machines. In Eunomia, the gas
temperature is provided as an output, and is calculated by the code to be 0.21 eV in the simulations
carried out and presented hereafter. Such high moleculartemperature is considered by us to be due
to the efficient ion-neutral elastic collision leading to momentum transfer, which acts as heating
mechanism for heavy particles. Atomic and molecular nitrogen temperatures are in the same range
i.e. between 0.15and 0.24 eV. The temperature of atomic hydrogen given by the code goes up to ~
0.45 eV. We address thisto be caused by the resonant charge exchange processi.e. H* + H 2 H +
H*, a well-known cooling mechanism for hydrogen ion (reaction 5 in table 5). NH;* undergoes
dissociative recombination with arate of 2.04*10%cm?3s* with T.=1.5 eV, leadingNHand 2H (reaction
26). Anothersource of NH is the aminoradical NH,. This species contributestothe production of NH
via reactions 35 and 47, namely electron-impact dissociation, with kss= 2.57*10°%cm3s? and
ks7=2.98*101'cm3s! for T.=1.5 eV and Tgas =0.2 eV.Its ion derivative i.e. NH,*, whichis produced via
ion conversion (reaction 63) and proton transfer (reaction 82), contributes efficiently to the production
of NH by means of dissociative recombination (reaction 24), with k,, = 2.01*10® cm3s. To take these
processesintoaccountin Eunomiaruns,asource of NHfromthetarget has been added, corresponding



to 5% of the total nitrogen injected. The volume sources of NHincluded in the model are atom transfer
and dissociative recombination of N,H*, both listed in table 4.

In figure 15 the density distribution of NH calculated by Eunomia for a 5% nitrogen seeding case is
shown. NHdecreases moving awayfrom the targetalongthe plasmabeam due to the effective N-MAR
i.e. reaction 20 in table 4. Elastic collisions of NH with N, and H, may also play a role enhancing the
perpendicular diffusion of the species in respect to the plasma beam. The density increases outside
the beam, where the concentrations of H,and N are high, leadingan efficientatom transfer process.

In figure 16 the spatially-resolved collision frequency of the first N-MAR is shown. The test-partide
collisionalevents are localized in the centre of the beam and in the vicinity of the target. Thisisin line
with the density distribution of figure 16, since in that region NH efficiently undergoes N-MAR. Such
mechanismisaddressed to further contribute to the conversion of incomingatomichydrogenions to
neutrals, reducing the incoming flux towards the target and eventually making heat loads more
tolerable for the material.
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Figure 15. Two-dimensional density distribution of the key species NH calculated by Eunomia. The region close to the target
is highlighted.

Figure 16. Collision frequency of the two-step N-MAR:1) H* + NH = NH* + H; 2) NH* + e = N + H. The highest collisionality is
located close to the centre of the plasma beam and in the vicinity of the target, the latter being also the seeding location.
Values in colour bar represent the amount of collision per cycle per test-particle.

To quantify the influence of the N-MAR process on the overall recombination efficiency, three different
cases of studies, characterized by different puffing scenarios, have been set up as follows:

[N2]

——=10,510%
[H2] + [N;] ’

While keeping fixed the amount of moleculesinjected in the system from the targeti.e. 2.1*10%° m3s-
!, three different nitrogen contents have been examined. The aim is to compare the recombination

efficiency by tracing the density of atomic hydrogen, which is eventually the end product of any
recombination process in this specific plasma environment.

In figure 17 the H-density radial profiletaken at 3 cm in front of the target is shown. Interestingly, the
H densityinthe plasmabeamis higherinthe 10% and 5% cases, compared to the only-H, case. Values



takeninthe centre of the plasma beam are 8.75*%108, 1.98*10%° and 2.74*10*m™= for 0, 5 and 10% N,
content.
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Figure 17. Density profiles of atomic hydrogen along radial coordinates. Simulation outputs in thin coloured line. Data have
been fitted (thick coloured lines). The total amount of particles injected has been kept the same for all three cases, while
changing the ratio of N2 from 0 to 10%. The higher values among the nitrogen-seeded cases indicates an increase in the
recombination. Pink background represent the region of the plasma beam in the simulations.

This indicates that the presence of N, and, subsequently of NH, contributes to further enhance
recombination processes in the centre of the beam via N-MAR mechanisms.

The plasmabeam inthe simulations hasa FWHM of 20 mm. The region between radial position 0.01
and 0.02 m is characterised by strong gradientin terms of T.and n.i.e. from 1*¥10?° to 5*10'® m™ and
from 0.6 to 0.1 eV for electron density and temperature respectively. Within the plasmabeam width,
the main source for atomic hydrogen is the static plasma itselfi.e. H". H is produced by means of
recombination processes, specifically MARand N-MAR. The seedinglocationinthe simulationsis set
to be the target segment, hence, it has awidersurface compared tothe beam, with aradius of 35 mm.
The density of Hinthe region between 10 and 20 mm radiusi.e. outside the plasmabeam, at 3 cmin
front of the target is then barely influenced by plasma-neutrals inelastic collisions, whose study is the
main scope of this work. The closeness to the target and the different H,/N, seeding ratios led to a
discrepancy in H density between the three cases of study. This is due to transport phenomena and
elasticcollisions. More detailed study on the transport of charged particles outward the beam will be
carried out with the coupled codes B2.5-Eunomia.

Although no direct evidence on the contribution of N,H* increasing recombination frequency can be
directly provided with this code, its importance is not to be considered only of a phenomenological
nature. In fact, it acts as source for NH, which has been proved to constitute the most important N-
related speciesinthe conversion of ionsto neutrals. Furtherstudies onthe reaction paths leadingto
N,H*, moreover, can contribute to the overall comprehension of the plasma chemical effects caused
by the presence of nitrogen in the volume phase of a low-temperature hydrogen plasma.

3. Summary and conclusions

Volume reactions, such as molecular-assisted recombination, can contribute to reduce the incoming
ionfluxtothe divertor plate. To understand the role of nitrogenin the plasma chemistry of adetached
hydrogen plasma, numerical simulations are needed. A comprehensive global model has been set up
by means of Plasimo code. Two newly-proposed molecular-assisted recombination processes, called
N-MAR, have been highlighted. These reaction paths are: NH + H* 2 NH* + H followed by
NH* + e~ 2N + H in the centre of the beam (where parameters are very similar to the ones
foreseen for ITER divertor) and H2+ + N, 2 N,H* + H with the subsequent dissociative



recombination of diazeniliumi.e. N,H* + e~ 2 NH + N orN, + H inthe periphery of the beam.
A reduced global modelincluding N-MARs has been implemented and compared with the full model
forthree different T.and n, scenarios. Despite the lower number of species considered and the strong
reduction of chemical reactions, the results match properly and the differences are all widely within
the order of magnitude. This indicates the processes to be considered the dominant mechanisms
occurring in the scenario examined. N-MARs, together with elastic collisions, electron impact
dissociation and atomictransfer, have been implementedin Eunomia, a spatially-resolved Monte Carlo
code suited forthe transport of neutralsin linear machines. The test-particle collision frequency of the
first N-MAR in Eunomiais showedto be centrallylocalized inthe vicinity of the seedinglocation. The
density of atomic hydrogen, which is the end product of recombination, has been monitored to
compare the effectiveness of nitrogen-induced conversion of ions to neutrals. Results indicate that the
presence of N, affects the content of Hby almost afactor 3 between onlyH, and 10% nitrogen seeding
cases of study. The newly-updated Eunomia code will be coupled with the fluid code B2.5. This will
constitute an important numerical tool to study the effects of impurity seeding on detachment for
both divertors and linear machines. The reduced plasma-chemical data set obtained in this work can
be used and implemented also in other codes for the transport of neutrals in the divertor, such as
EIRENE (embedded in SOLPS-ITER package)[74].
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